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Theory of the nuclear excitation by electron transition process
near the K-edge.∗
E.V. Tkalya†
Institute of Nuclear Physics, Moscow State University,
Ru-119992, Moscow, Vorob’evy Gory, Russia
(Dated: August 14, 2018)
We propose a model for description of the process of Nuclear Excitation by Elec-
tron Transition (NEET) near the K-shell ionization threshold of an atom. We ex-
plain the experimental results for the 197Au cross section excitation σN∗ obtained by
S.Kishimoto et al. Phys. Rev. C 74, 031301(R) (2006) using synchrotron radiation
near the Au K-edge. We predict the behavior of σN∗ as a function of the incident
photon energy for nuclei 193Ir and 189Os. We reveal that the 189Os excitation begins
when the energy of incident photons is below the K-shell ionization threshold in Os.
PACS numbers: 23.20.Nx,27.70.+q,27.80.+w
I. INTRODUCTION
Nuclear Excitation by Electron Transition (NEET) [1] is a process of nonradiative nuclear
excitation by means of direct energy transfer from the excited atomic shell to the nucleus
via a virtual photon. This process is possible, if within the atomic shell there exists an
electronic transition close in energy and coinciding in type with the nuclear one.
The modern theory of the NEET was developed in Refs. [2, 3, 4, 5, 6, 7]. This theory
agrees reasonably with experimental results obtained for nuclei 197Au [8], 193Ir [9], and 189Os
[5] in recent years.
The NEET process was investigated in the experiments [5, 8, 9] for the case where the
energy of photons exceeded the K-shell electron binding energy appreciably. In such a
situation one could neglect the threshold effects [2, 3, 4] and write the relative probability
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2for nuclear excitation in atomic transition PNEET in the following form
PNEET =
(
1 +
Γi
Γf
)
E2int
(ωN − ωA)2 + (Γi + Γf)2/4 . (1)
In Eq (1) Γi,f are the widths of the initial and final electronic states, ωA and ωN are the
energies of the atomic and nuclear transitions (the adopted system of units is h¯ = c = 1),
E2int is averaged over the initial states and summed over the final ones, the square modulus of
the Hamiltonian of the interaction Hint of the electronic hole current j
µ
fi(r) and the nuclear
current Jνfi(R) in the second order of the perturbation theory for the QED
Hint =
∫
d3rd3Rjµfi(r)Dµν(ωN , r−R)Jνfi(R) , (2)
where Dµν(ωN , r−R) is the photon propagator.
The cross section of 197Au excitation on the isomeric level 1/2+(77.351 keV, 1.91 ns) by
photons near the K-shell ionization threshold of gold was measured in work [10]. It was
found that the NEET events rose up just above the K-absorption edge and the NEET edge
of width 14± 9 eV existed at 40± 2 eV higher than the K-edge. The incident synchrotron
radiation beam had a 3.5± 0.1 eV width.
Theoretical explanation is needed for the results obtained in Ref. [10]. We consider here
a model of the process founded in Ref. [10] and describe the main characteristics of the
process. Following the tradition we call this process “the NEET near K-edge”. However,
here we pay attention to the cross-section of the process of the nuclear excitation as a result
of ionization of the atomic K-shell. The NEET as we shall see below is a special case of the
considered process in the asymptotic limit of “high” energies far from the photoionization
threshold.
II. MODEL OF NEET PROCESS NEAR K-EDGE
The process of the nuclear excitation as a result of ionization of the atomic K-shell
is described by two diagrams shown in Fig. 1. One electron passes from the K-shell to
the continuum. We consider here the case of nuclear excitation by the atomic MI → K
transition.
According to the QED rules [11] the amplitude can be written as
3Figure 1: Nuclear excitation by ionization of the atomic K-shell. (a) — direct diagram, (b) —
exchange diagram.
S
(dir)
fi = −i
∫
d4x1d
4x2d
4x3ψ¯e(x1)eγ
µAµ(x1)Gh(x1, x2)eγ
νψhMI (x2)Dνρ(x2, x3)J
ρ(x3) (3)
for the direct diagram (see Fig. 1(a)) and as
S
(ex)
fi = −i
∫
d4x1d
4x2d
4x3ψ¯e(x1)eγ
µDµρ(x1, x3)Gh(x1, x2)eγ
νAν(x2)ψhMI (x2)J
ρ(x3) (4)
for the exchange diagram (see Fig. 1(b)). In Eqs (3)-(4) e is the proton charge, γµ are
the Dirac matrices. We will use the following designations for the wave functions of the
particles and for the nuclear current shown in Fig. 1. Aµ(x;ωSR) = e
−iωSRtAµ(r;ωSR) is
the synchrotron radiation photon with the energy ωSR. ψ¯e(x;Ee) = e
iEetψ¯e(r;Ee) is the
electron with the energy Ee emitted from the K-shell to the continuum. ψhMI (x;EMI ) =
e−i(EMI−iΓMI /2)tψhMI (r;EMI ) is the electron hole at the MI -shell with the binding energy
EMI and the width ΓMI . The photon propagator Dµν(x, x3;ωN) = i〈0|TˆA∗µ(x)Aν(x3)|0〉 is
calculated according to the relation
Dµν(x, x3;ωN) =
∫
dω
2pi
eiωN (t−t3)Dµν(r−R;ωN) .
The nuclear current is Jρ(R, t3) = eΨ
+
N∗(R, t3)Jˆ
ρΨN(R, t3), where the nuclear wave func-
tions are ΨN(R, t3) = e
−iEN t3ΨN(R) for the ground state (EN = 0 usually) and Ψ
+
N∗(R, t3) =
ei(EN∗+iΓN∗/2)t3Ψ+N∗(R) for the isomeric state with the energy EN∗ and the width ΓN∗ , and
Jˆρ is the operator of the nuclear electromagnetic transition. The propagator of the hole
Gh(x1, x2) = −i〈0|Tˆ ψh(x1)ψ¯h(x2)|0〉 in our model is the K-shell hole propagator
GhK(x1, x2;EK) = −ψhK (r1)ψ¯hK (r2)
∫
dE
2pi
eiE(t2−t1)
E − EK − iΓK/2 ,
4where EK is the electron binding energy, ΓK is the total hole width at the K-shell (see in
Ref.[11]).
The model considered here has some peculiarities. Let us look at some of them more
carefully. Let us begin from the NEET process. The excitation of the nuclei 197Au, 193Ir,
and 189Os takes place in reality in the electron transition from the MI -shell to the K-shell,
which occurs when a photon is absorbed, and electron in the K-shell is excited into the
continuum, leaving the K-hole behind. The electrons in the atomic shell interact with each
other and generate a self-consistent field providing that many-particle effects became very
important for most of the processes inside the atomic shell. That is why one should take into
account the ejected electron-hole interaction, the pair electron-electron interactions, etc. for
correct description of the NEET process. Nevertheless, in our model the nucleus is excited
in a single-particle hole transition, as it is shown on the diagrams in Fig. 1. Correspondingly
we use the single-particle approximation for the calculation of the atomic matrix elements.
One can do that, because numerous computations show that this approximation works well
for the electronic transitions between the inner atomic shells, if one estimates of the X-
rays intensities, as well as for the electron transitions from the inner atomic shells to the
continuum, if one estimates of the internal electronic conversion probabilities. That is why
one can use this approximation to the numerical evaluation of the “electronic part” of the
NEET.
We use the experimental values for the atomic shell widths. Therefore ΓK in the propa-
gators does not involve the NEET partial width. On the other hand the NEET probabilities
are very small, and they do not change practically the K-shell widths. For another thing
we use the widths ΓMI for the final hole states on the diagrams in Fig. 1. This method is
not typical for the QED. As it was shown in Ref.[3], the use in the wave functions of the
real widths of the vacancies enables us to take into account the further decay of the electron
hole into an upper atomic level without having to consider higher-order diagrams.
Another important approximation concerns the hole propagator. Strictly speaking all
the atomic shells, which have the electrons, contribute to the hole propagator. However
the energy conservation law leaves the K-shell only in the hole propagator in the direct
diagram in our case, because only one atomic transition (the MI → K transition) satisfies
the condition ωA ≃ ωN . The hole propagator in the exchange diagram may contain of
the contributions of all atomic shells. However this propagator does not have poles in the
5discrete part of the spectrum, hence the contribution of the exchange diagram is negligible.
As for the continuum spectrum there is no any contribution of these hole states to the
hole propagator in Fig. 1. A photon is absorbed by an electron in the atomic shell and a
hole is arisen. The atomic inner-hole state is highly-excited and short-lived discrete state.
In the general case the wave function of the time-dependent state can be expressed as a
decomposition into a sum, and an integral over the complete set of eigenfunctions ψEn(x, t)
with En belonging to the discrete spectrum (En < 0), and ψε(x, t) with ε belonging to the
continuous spectrum. Thus the propagator of the atomic inner-hole generally should have
two parts. But there are no electrons in the continuum in our case. The continuum is
occupied by holes (i.e. by the electron vacancies). These electron vacancies are fermions,
hence the hole creation is impossible in these states, and the transitions to these intermediate
states are forbidden too. So, these states do not give any contribution to the hole propagator
at all. It becomes evident, if one considers the following process (which is identical to the one
in Fig. 1): the hole in the continuum absorbs a photon and passes to the K shell firstly; after
that the nucleus is excited in the hole transition K →MI . Only the atomic states occupied
by electrons are the “acting” intermediate states here, similarly to the process in Fig. 1.
That is why we actually can neglect the continuum part of the energy spectrum in the hole
propagator in Eqs (3)–(4). As it follows from the comparison of the results of [2, 3, 4, 5, 6],
the single-particle approximation describes well the NEET process with the simplest form
of the propagator, and the technique of Feynman diagrams gives the same formula for the
NEET probability, that follows from solution of the equations for time-dependent amplitudes
of the total “the hole + the nucleus” wave function [5].
The cross section of the process shown in Fig. 1 is calculated from the following formula
[11]
σN∗ =
∫
d3pe
(2pi)3
∑′ |S(dir)fi + S(ex)fi |2
T
,
where
∑′ means averaging over the initial states and summation over the final ones. The
process progresses in the time interval T . We do not fix the electron energy Ee. That is
why we integrate the cross section over the electron momentum pe.
It is easy to show that after integration in Eqs (3)-(4) over the times t1, t2, t3 and over
the energies of the intermediate states E, ω the amplitude S
(ex)
fi contains only one resonance
condition. This condition corresponds to the energy conservation law of the process. The
6amplitude S
(dir)
fi has an additional resonance condition for the energy of photons ωSR =
Ee−EK . As a result the exchange diagram gives a contribution three orders of the magnitude
smaller than the direct diagram. Correspondingly, one can neglect the exchange diagram
Fig. 1(b) near the threshold. The following expression is obtained for the cross section in
this case
σN∗ =
∫
d3pe
(2pi)3
(2pi)2
ΓK
f(Ee)
1
2
1
2JN + 1
∑
λSR
∑
me,mhMI
∑
mN ,mN∗
|Hion|2|Hint|2 . (5)
In Eq (5) we sum up over the photon polarization λSR, the magnetic quantum number of
the free electron me, the magnetic quantum number of the MI-hole mhMI , and the magnetic
quantum numbers of the nucleus mN , mN∗ . The function f(Ee) is
f(Ee) =
1
pi
ΓK/2
(ωSR −Ee + EK)2 + Γ2K/4
1
pi
(ΓMI + ΓN∗)/2
(ωSR − Ee + EMI − ωN)2 + (ΓMI + ΓN∗)2/4
. (6)
We introduced two new amplitudes Hint and Hion in Eq (5). The amplitude Hint describes
an interaction between the electronic hole current jνh(r2) = eψ¯hK (r2)γ
νψhMI (r2) and the
nuclear current Jρ(R) = eΨ+N∗(R)Jˆ
ρΨN(R) in the NEET process Eq (2).
The expression Eq (1) for the probability of nuclear excitation by the electron i → f
(MI → K) transition PNEET can be adapted to the considered case of the nuclear excitation
by the electronic hole K → MI transition by the replacement Γi,f → ΓMI ,K . The interaction
energy Eint squared is, by definition, as follows
E2int =
1
2jhK + 1
1
2JN + 1
∑
mhK ,mhMI
∑
mN ,mN∗
|Hint|2 .
It has the following form [4, 5, 6]
E2int = 4pie
2ω
2(L+1)
N
(ji1/2L0|jf1/2)2
[(2L+ 1)!!]2
∣∣∣RE/ML (ωN)
∣∣∣2B(E/M L; Ji → Jf ) , (7)
where B(E/ML; Ji → Jf) is the nuclear reduced probability [12], and RE/ML are the
atomic radial matrix elements of the electric/magnetic (E/M) multipolarity L [2, 3, 4],
(ji1/2L0|jf1/2) is the Clebsch-Gordan coefficient, Ji,f and ji,f are the angular momentums
of the nuclear and the electronic states, correspondingly. It is obvious that the functions
Eint and PNEET do not depend on the energies ωSR and Ee.
7It should also be stated that we take B(E/ML; Ji → Jf) from the experimental data.
We will consider below M1 transitions from the ground state to the first excited state in the
nuclei 197Au, 193Ir, and 189Os. B(M1) for these transitions are known and can be taken form
the tables [13, 14, 15]. As for the atomic M1 radial matrix elements they are calculated
according the formula [2, 3, 4]
RM1 (ω) = (κi + κf )
∫ ∞
0
drr2h
(1)
1 (ωr)[gi(r)ff(r) + fi(r)gf(r)] ,
where κ = (l−j)(2j+1), l is the orbital angular momentum, h(1)L is spherical Hankel function
of the first kind [16], g(r) and f(r) are, respectively, the large and small components of the
electronic wave functions, with the condition of normalizing
∫∞
0
drr2(g2(r)+f 2(r)) = 1. Here
these electron wave functions were evaluated by solving the relativistic Dirac-Fock equations
in the self-consistent field of the electron shell taking into account the finite nuclear size.
The computer program is described in detail in Ref. [17].
The amplitude Hion corresponds to the process of the K-shell ionization by a photon
Hion = −i
∫
d3r1eψ¯e(r1)γ
µψhK (r1)Aµ(r1;ωSR) .
The cross section of the ionization process has the following form [11]
dσion = 2piδ(ωSR −Ee + EK)1
2
∑
λSR
∑
me,mhK
|Hion|2 d
3pe
(2pi)3
, (8)
where pe is the electron momentum. Let us take into account that the expression |Hion|2peEe
(Ee =
√
p2e +m
2, m is the electron mass) depends little on the nonrelativistic kinetic energy
of electron Ee = p
2
e/2m near the threshold [11]. As a consequence we can introduce the
following cross section near the threshold
σ0ion = lim
pe→0
∫
2pi
1
2
∑
λSR
∑
me,mhK
|Hion|2peEe dΩe
(2pi)3
,
and we can consider σ0ion as a constant in the energy range around the threshold.
The width of the K-shell plays an important role in the process considered here. Let us
“spread” out the delta-function in Eq (8) over the width ΓK . Delta-function is a limit
of the δ-shaped Cauchy sequence. Therefore we can substitute δ(ωSR − Ee + EK) →
(1/2pi)ΓK/((ωSR−Ee+EK)2+Γ2K/4) in Eq (8). Now if we compare the obtained expression
with Eqs (5)-(6) we get the following formula for the nuclear excitation cross section
8σN∗ = σ
0
ionE
2
int
2pi
ΓK
∫ ∞
0
f(Ee)dEe . (9)
When the incident photon energy ωSR is near the K-threshold, the function f(Ee) in
Eq (6) decreases quickly when Ee increases in the range 0 – (ΓK + ΓMI ). That is why
one can integrate in the range 0 ≤ Ee ≤ ∞ in Eq (9) in spite of the fact that Ee is the
nonrelativistic energy of electron. The integral is calculated analytically:
∫ ∞
0
f(Ee)dEe =
F1 + F2 + F3
((ωN − ωA)2 + (ΓK + ΓMI )2/4)((ωN − ωA)2 + (ΓK − ΓMI )2/4)
, (10)
where
F1 =
ΓK
2
(
(ωN − ωA)2 +
Γ2K − Γ2MI
4
)(
1
2
+
1
pi
arctan
(
ωSR + EMI − ωN
ΓMI/2
))
,
F2 =
ΓMI
2
(
(ωN − ωA)2 −
Γ2K − Γ2MI
4
)(
1
2
+
1
pi
arctan
(
ωSR + EMI − ωA
ΓK/2
))
, (11)
F3 =
ΓK
2
ΓMI
2
ωN − ωA
pi2
ln
(
(ωSR + EMI − ωA)2 + (ΓK/2)2
(ωSR + EMI − ωN)2 + (ΓMI/2)2
)
.
(We have neglected the nuclear level width because the following relation is true ΓN∗ ≪
ΓMI ,K .) Formulae (9)–(11) give the cross section of nuclear excitation in the NEET
process near the K-shell photo-ionization threshold for monochromatic photons. If the
real SR beam has the width ∆ωSR, one should integrate the cross section σN∗ over the
beam line shape:
∫
g(ω − ωSR)σN∗(ω)dω. We used here the Gauss shape g(ω − ωSR) =
(1/
√
pi∆ωSR) exp
(− ((ω − ωSR)/∆ωSR)2). We will discuss some specific examples in Sec. III.
Let us see now how the cross section σN∗ in Eq (5) behaves in the range ωSR ≫ −EK ,
i.e. far from the photo-ionization threshold. Let us consider once more the expression for
f(Ee) in Eq (6). The resonance (“δ-shaped”) nature of the function f(Ee) is evident for
all values of ωSR. The function f(Ee) is different from zero in the range with the typical
dimension ΓK + ΓMI . The remaining functions under the integration sign in Eq (5) change
little in the mentioned range of Ee and can be taken outside the integral sign. As a result
we can consider just the limiting value of the integral Eq (10):
lim
ωSR→∞
∫ ∞
0
f(Ee)dEe =
1
2pi
ΓK + ΓMI
(ωN − ωA)2 + (ΓK + ΓMI )2/4
. (12)
If we substitute this result to Eq (9) we obtain the following relation for the cross section
far from the threshold
9σN∗ = σionPNEET , (13)
where the relative probability PNEET was defined in Eq (1). This result agrees well with an
intuitive conception about a factorization of the third order graph in Fig. 1(a). That process
can be represented as a succession of two processes in the incident photon energy range far
from the threshold (where the threshold effects are not significant). The first process is
an atomic shell photo-ionization, and the second process is, in fact, the NEET. (It will be
observed that a contribution of the exchange diagram in Fig. 1(b) decreases as 1/ω2SR at the
range ωSR ≫ −EK , i.e. this contribution is inessential as before.)
III. EXCITATION OF NUCLEI 197AU, 193IR, AND 189OS
Here we consider how the cross section looks like for nuclei 197Au, 193Ir, and 189Os near
the K-shell ionization threshold. The functions σN∗(ωSR)/σ
0
ionPNEET are shown in Figs. 2–4
(i.e. all the cross sections σN∗ in these Figures are in the units of σ
0
ionPNEET ). We denote
else as ∆ in Figs. 2–4 a difference between the energies of nuclear transition and atomic
transition, ∆ ≡ ωN − ωA.
The following values of energies and widths were used for the cross section σN∗ calculation
at the nucleus 197Au by formulae (9)–(11): EK = −80.725 keV, EMI = −3.425 keV [18],
ΓK = 52 eV [19], ΓMI = 14.3 eV [19] (it should be noted that there are four various values
for ΓMI : from 14.3 eV [19] to 20.9 eV [20], and here we use the value 14.3 eV recommended
in review [19]), ωN = 77.351 keV [13]. This nucleus is unique because the difference between
the energies of the atomic transition ωA and the nuclear transition ωN is 50 eV only, i.e.
this difference is commensurable with the atomic widths in K and MI shells of Au.
There are two kinds of lines in Fig. 2. The solid lines correspond to the excitation by a
monochromatic beam. The dashed lines correspond to the real SR-beam of the Gaussian
form with the width of 3.5 eV. It is evident from Fig. 2(a) that the nuclear excitation
begins when the incident photon energy is above the threshold by 49 eV approximately.
The effective width of the process (with the function dσN∗/dωSR (FWHM)) is close to the
ΓMI width of Au for the monochromatic beam, and it is equal to 17–18 eV for the real SR
beam. These results are in a qualitative agreement with the experimental data [10].
There are two relatively small differences between theoretical and experimental data for
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Figure 2: The excitation cross section of the nucleus 197Au in the units σ0ionPNEET (≃ 1.3× 10−28
cm2). Solid lines — excitation by a monochromatic beam; dashed lines — excitation by the
synchrotron radiation beam with 3.5 eV width. Closed circles are the experimental data from
Ref. [10], Fig.3b. (a) The energy of the isomeric level Eis = 77.351 keV, and ∆ = ωN − ωA = 51
eV; (b) Eis = 77.341 keV, and ∆ = 41 eV.
the NEET process in 197Au at the present time. Experimentalists found that the NEET
events rose up above the K absorption edge and the NEET edge of a narrow width (= 14±9
eV) existed at 40±2 eV higher than the K edge [10]. The theoretical values are approximately
19 eV and 49 eV correspondingly. The NEET probability PNEET measured in [10] was (4.5±
0.6)×10−8, whereas the theoretical value calculated by Eqs. (1) and (7) is (3.4±0.2)×10−8
with the nuclear reduced probability in Weisskopf units BW.u.(M1; 1/2
+ → 3/2+) = (2.05±
0.08)×10−3 [13] and the atomic matrix element evaluated here |RM1 (ωN ;MI → K)|2 = 106.8.
It is interesting to note, that the mentioned differences can be removed. The energy of
the isomeric level Eis in
197Au is 77.351 keV [13]. S. Kishimoto suggested to consider
another value for the energy of the nuclear transition, viz 10 eV less than the tabulated
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value [21]. In the case of using the value Eis = 77.341 keV in theoretical calculations,
one obtains 40 eV delay and 17.5 eV width for the NEET process near the K-edge (see in
Fig. 2 (b)), and PNEET = (4.5 ± 0.2) × 10−8 far from the K-edge. (We neglected here by
the error bar for |RM1 (ωN ;MI → K)|2, because the atomic matrix elements are evaluated
usually with the accuracy 0.1% for the transitions between the inner shells.) Such a good
agreement with the available experimental data points to the necessity to make a more
precise measurement of the energy of the first excited state in 197Au. And in conclusion, the
value σ0ionPNEET ≃ 1.3× 10−28 cm2 presented in Fig. 2 was obtained with the experimental
value PNEET = 4.5 × 10−8 [10] and the tabulated ionization cross section near the K edge
of Au σ0ion = 2.85× 10−23 cm2 [22].
The nuclear excitation cross section on 193Ir is shown in Fig. 3. We used the following
values of energies and widths [18, 19] for the calculation of the cross section: EK = −76.111
keV, EMI = −3.174 keV, ΓK = 45 eV, ΓMI = 12.8 eV, and ωN = 73.04 keV [14]. Calculation
of σ0ionPNEET gives the following result σ
0
ionPNEET ≃ 6.6 × 10−30 cm2. We used σ0ion =
3.28× 10−23 cm2 from Ref. [22] and PNEET = 2.0× 10−9 evaluated with BW.u.(M1; 1/2+ →
3/2+) = 4.9 × 10−4 [14], and |RM1 (ωN ;MI → K)|2 = 105.3. The excitation of the nucleus
begins when the incident photon energy is above the threshold — ωSR = −EK + ωN − ωA.
The effective width of the process is close to the ΓMI width of Ir.
Figure 3: The excitation cross section of 193Ir in the units σ0ionPNEET (≃ 6.6×10−30 cm2), ∆ = 107
eV.
In 189Os the atomic transition energy ωA = EMI − EK = 70.822 keV [18] exceeds the
energy of the nuclear transition ωN = 69.535 keV [15] in contrast to
197Au and 193Ir. Fur-
thermore, the difference ωA − ωN = 1287 eV considerably exceeds the atomic width values
ΓK = 42.6 eV [19], ΓMI = 20.4 eV [20]. The nuclear excitation cross section is shown
12
in Fig. 4. We see that the excitation of the nucleus begins when the incident photon en-
ergy is below the K-shell ionization threshold: ωSR = −EK − 1.287 keV. The lower line
in Fig. 4 corresponds to the width ΓMI = 20.4 eV from Ref. [20], the upper line corre-
sponds to the width ΓMI = 12.8 eV (this value is an approximation obtained from the
data in Ref. [19]). The value of σN averages 0.7–0.8 in the units σ
0
ionPNEET in the range
−EK − (ωA − ωN) ≤ ωSR ≤ − EK . It means that the SR photons effectively excite the
nucleus below the ionization threshold.
As regards the numerical value σ0ionPNEET ≃ 4 × 10−31 cm2 in Fig. 4, it was obtained
with PNEET = 1.2× 10−10 [2] and the tabulated ionization cross section near the K edge of
Os σ0ion = 3.4× 10−23 cm2 [22].
Figure 4: Excitation of 189Os below the K-shell ionization threshold for two ΓMI width values.
σN∗ is in the units σ
0
ionPNEET (≃ 4× 10−31 cm2), ∆ = −1287 eV.
Subthreshold excitation is a quantum effect. The K-shell vacancy has a sizeable width.
As a consequence, incident photons with energy below the binding energy −EK can ionize
the K-shell. In this case the energy of the emitted photon in the electronMI → K transition
satisfies the condition ωX < EMI −EK (see in Fig. 5). On the other hand the energy of the
nuclear in 189Os transition satisfies the analogous condition ωN < ωA ≡ EMI −EK . That is
why the nuclear subthreshold excitation is possible. This very effect is observed in Fig. 4.
The K-shell hole is an intermediate state in such a process, and the parameters of this
state are not included into the energy conservation law (1/2pi)ΓMI/((ωSR−Ee+EMI−ωN)2+
Γ2MI/4), which is an analogue of the typical delta-function δ(ωSR−Ee+EMI−ωN) connecting
the initial and final states in Fig. 1. Therefore, the energy range where there occurs the
first (“basic”) resonance growth of the cross section of the 189Os nucleus excitation (the area
of the left “step” in Fig. 4) is equal to ΓMI . For the same reason at the interval with the
13
Figure 5: Diagram of the subthreshold excitation of nucleus.
width of ΓMI , but beyond the ionization threshold, there also occurs the growth of the
193Ir
excitation. In 197Au the width of excitation cross section is a bit greater than ΓMI . The
difference between the energies of atom and nucleus transitions in 197Au is about the width
of the vacancy for the K shell of Au. As a result, the second resonance at ωSR = −EK has
an influence on the width of excitation cross section at ωSR = −EK +(ωN −ωA)) and makes
this basic resonance somewhat broader. (We used the appellation “basic”, because in the
case of wide interval between the resonances the amplitude of the resonance at ωSR = −EK
is smaller by a factor of ΓK/ΓMI approximately, than the amplitude of the basic resonance
at ωSR = −EK + (ωN − ωA)).
IV. CONCLUSION
Finally, it should be noted that studying the processes of interaction between a nucleus
and an atom shell is quite a topical task. One of the reasons is an active search, especially
in recent years, of acceleration mechanisms for isomeric state decay of nuclei by an external
influence upon an atom shell. A number of attempts of this type were analyzed in paper [23].
The NEET and other similar processes become most important in this case. A perturbation
theory for the QED can best of all be used to systemize and to well fit the mentioned
phenomena, and the present work is another confirmation of this view. The theory of the
NEET developed within the framework of perturbation theory for the QED gives results
that are in agreement with experimental data both qualitatively and quantitatively in a
14
wide range of energy including the range of ionization threshold of atom.
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